Melanopsin-expressing, intrinsically photosensitive retinal ganglion cells (ipRGCs) form a light-sensitive system separate from rods and cones. Direct light stimulation of ipRGCs can regulate many nonimageforming visual functions such as photoentrainment of circadian rhythms and pupil responses, and can intensify migraine headache in adults. In mice, ipRGCs are light responsive as early as the day of birth. In contrast, their eyelids do not open until 12-13 d after birth (P12-13), and light signaling from rods and cones does not begin until approximately P10. No physiological or behavioral function is established for ipRGCs in neonates before the onset of rod and cone signaling. Here we report that mouse pups as young as P6 will completely turn away from a light. Light-induced responses of ipRGCs could be readily recorded in retinas of pups younger than P9, and we found no evidence for rod-and cone-mediated visual signaling to the RGCs of these younger mice. These results confirm that negative phototaxis is evident before the onset of rod-and cone-mediated visual signaling, and well before the onset of image-forming vision. Negative phototaxis was absent in mice lacking melanopsin. We conclude that light activation of melanopsin ipRGCs is necessary and sufficient for negative phototaxis. These results strongly suggest that light activation of ipRGCs may regulate physiological functions such as sleep/wake cycles in preterm and neonatal infants. 
Melanopsin-expressing, intrinsically photosensitive retinal ganglion cells (ipRGCs) form a light-sensitive system separate from rods and cones. Direct light stimulation of ipRGCs can regulate many nonimageforming visual functions such as photoentrainment of circadian rhythms and pupil responses, and can intensify migraine headache in adults. In mice, ipRGCs are light responsive as early as the day of birth. In contrast, their eyelids do not open until 12-13 d after birth (P12-13), and light signaling from rods and cones does not begin until approximately P10. No physiological or behavioral function is established for ipRGCs in neonates before the onset of rod and cone signaling. Here we report that mouse pups as young as P6 will completely turn away from a light. Light-induced responses of ipRGCs could be readily recorded in retinas of pups younger than P9, and we found no evidence for rod-and cone-mediated visual signaling to the RGCs of these younger mice. These results confirm that negative phototaxis is evident before the onset of rod-and cone-mediated visual signaling, and well before the onset of image-forming vision. Negative phototaxis was absent in mice lacking melanopsin. We conclude that light activation of melanopsin ipRGCs is necessary and sufficient for negative phototaxis. These results strongly suggest that light activation of ipRGCs may regulate physiological functions such as sleep/wake cycles in preterm and neonatal infants. M elanopsin, a photopigment sensitive to blue light, is expressed in a subset of retinal ganglion cells (RGCs) in the mammalian eye. Light can activate these neurons in the absence of any visual signaling from rods and cones (1, 2) . In adult rodents and primates, including humans, light stimulation of "intrinsically photosensitive" RGCs (ipRGCs) can drive pupillary constriction, suppression of nocturnal locomotor activity (negative masking), suppression of circadian melatonin release, and photo entrainment of circadian locomotor rhythms (3) (4) (5) . In addition, light activation of ipRGCs exacerbates migraine headache intensity (6) and is implicated in regulation of alertness and cognitive functions (7) .
During development, melanopsin expression begins before birth in rodents and humans (8) . Physiologically, in mouse retina, melanopsin-expressing ipRGCs can be activated by light as early as the day of birth (9, 10) . Concomitantly, by postnatal day 1 (P1), ipRGCs express vesicular glutamate transporter type 2, necessary for the synaptic release of glutamate from ipRGCs (11) , and project their axons to the suprachiasmatic nucleus (SCN) of the hypothalamus (12) . Furthermore, the retina-SCN tract in rats can be activated by light immediately after birth (9, 10, 13) .
In marked contrast to the early onset of ipRGC light sensitivity and signaling, rod-and cone-mediated visual signaling in retina is not known to be functional until at least P10 in rodents (14) (15) (16) . The significance of having a functional, ipRGC-driven visual system in young neonates before the onset of rod and cone vision is not known.
Although airborne hearing and image-forming vision in rodents do not begin functioning until well after birth (ear canals and eyelids open at ∼P10 and P13, respectively), mouse and rat pups exhibit many reflexive sensory behaviors well before the age of P10. Examples are rooting in response to bilateral stimulation of the snout (after P2), righting in response to being on back (after P2), and negative geotropism in which a pup will orient upward on an inclined plane (after P5) (17) . Negative phototaxis, a turning away from a bright light, is another reflexive sensory behavior seen in rat pups as early as P6 (18, 19) . This behavior requires stimulation of the eyes, but the photodetectors responsible for the negative phototaxis have yet to be identified. Here, we report that neonatal mice exhibit negative phototaxis similar to that in rats. Using mice with a genetic deletion of melanopsin, we tested the hypothesis that melanopsin-expressing retinal neurons mediate this phototaxis.
Results
To test and quantify phototaxis in neonatal mice, we recorded the movement of individual pups inside a cylindrical transparent tube with an infrared video camera (Fig. 1) . A pup's movement and orientation during periods of darkness were compared with those following light stimulation. The light was directed initially at their face along the long axis of the testing chamber. Following the onset of stimulation, we observed that pups would begin waving their heads back and forth, often termed "pivoting" (17) . The pups would then reverse their orientation by turning their whole body completely away from the light, commonly called "negative phototaxis" (Fig. S1 and Movie S1). Because this complete body turn provided an unambiguous outcome, we adopted a 180°turn as the primary metric of a mouse pup's response to light. Each pup's orientation was monitored for 5 min in darkness and 5 min during light stimulation. For the initial characterization of phototactic behavior, we compared (i) the latency to the first complete body turn away from the light to the latency to the first turn from the original orientation in darkness, and (ii) the total time over each 5-min dark or light period that the pup kept its body pointed in its original orientation.
Pups in darkness spent most of their 5-min test period faced in their original orientation and had a relatively long average latency to their first turn. Average latencies to first turn in darkness ranged from 4.66 ± 0.33 (SEM) min at P6 to 2.83 ± 0.68 min at P9. Following light onset, the pups turned away from the light in less than 1 min at all tested ages (P6-P9). The average latency to first turn when stimulated was 76% shorter at P6 and 93% shorter at P9 than in darkness ( Fig. 2A) . In darkness the P6 animals spent an average 4.83 ± 0.17 min in their original orientation. At older ages the pups were slightly more active in darkness; but even at P9, the animals spent an average of 3.84 ± 0.35 min faced in the original orientation. In response to light, mouse pups spent 66% (P6) to 84% (P9) less total time faced in the original position than in darkness (Fig. 2B) . The dark/light time differences were significant (P < 0.001 for all ages). These findings document a robust negative phototaxis in mice as young as P6. Because the mice remained turned away from the light most of the time during stimulation, this argues that the pups could actually detect from which direction the light originated and that light did not simply stimulate locomotor activity in a generalized way.
The responses to light were observed at irradiance levels consistent with activation of ipRGCs and were not due to heat emitted by the light-emitting diode (LED). We found threshold irradiance for negative phototaxis was ∼1.5 × 10 13 photons/s/cm 2 at the eyelids (λ = 468 nm). Conservatively estimating 1% light transmission through mouse pup eyelid at 470 nm (∼1%, 2%, 10% for Siamese, black, and white cat eyelids, respectively, and 7% for macaque eyelids) (20) , this irradiance is comparable to the light intensities required to induce pupil constrictions and photic shifts in the phase of circadian rhythms in adult mice lacking rod and cone function (10 10 -10 11 photons/s/cm 2 ; 3, 21). No changes in the thresholds for negative phototaxis were discerned when infrared emissions were blocked with a heat filter. Direct measurement of the spectral output of the LED at infrared wavelengths (>700 nm) indicated the flux density was at least four orders of magnitude below the flux density at the peak wavelength (468 nm; manufacturer's specification and direct measurement; Photo Research, PR670 spectraradiometer). Moreover, Crozier and Pincus (22) noted that neonatal rat pups are attracted to heat sources and repelled by light. We conclude that the negative phototaxis is due to visible light emitted by the LED and that the irradiance level is in the range to activate ipRGCs.
In adult rats, ipRGCs receive synaptic inputs from bipolar and amacrine cells (23) . These inputs provide pathways for visual signals from rods and cones to activate ipRGCs (24) and also to elicit melanopsin-independent nonimage-forming behaviors (25) (26) (27) . Although there is no evidence for visual signaling from rods and cones to inner retina before P10 in the mouse (14-16), it is not known whether rods and cones could be exciting ipRGCs via an unconventional pathway from rods and cones directly to ipRGCs (28) . To test this possibility and to confirm earlier reports, we recorded from large samples of ipRGCs and nonipRGCs in neonatal mice using a multielectrode array (16) . By comparing the temporal coding of light responses and by blocking putative rod and cone synaptic inputs pharmacologically, we conclude that no conventional rod-and cone-driven cone excitation of any type of RGC exists in neonatal WT mice younger than P10. Figure 3A shows light-evoked, rod/cone-driven spiking from RGCs in the retina of a P16 WT mouse. This spiking occurs within 100-200 ms of light onset, typical in WT mice after P12 (29) . In contrast, no equivalent short latency light-evoked spiking was ever recorded in more than 20 retinas from WT or Opn4 −/− neonates younger than P9 (Fig. 3A , middle and bottom traces). However, slower-onset, more sustained ipRGC responses were readily recorded in neonates (Fig. 3A , middle trace, and Fig. 3C ).
To test whether the ipRGC responses required synaptic inputs, we blocked synaptic transmission to RGCs. Figure 3B shows the mixture of NBQX, AP5, AP4, and DHβE (middle trace) (11, 30) effectively blocks the short latency photoreceptordriven responses in RGCs recorded from a P16 WT mouse (top trace). This same mixture of synaptic blockers failed to block the light-driven ipRGC responses in a P8 WT mouse (Fig. 3C) . We interpret these results as evidence that the visual signals that generate either the well known short latency ON and OFF responses or the recently discovered long-latency ON responses (31) in adult mice do not produce similar responses in ipRGCs or non-ipRGCs in WT mice ≤P9.
Given that adult melanopsin-null mice exhibit rod-and conedriven pupil constrictions (Fig. S2 ), masking and photoentrainment (25) , it would be assumed that photoreceptor visual signals are transmitted through the retina in these older mice. Consistent with postulated rod/cone visual signaling in older Opn4 −/− mice, we recorded short-latency, photoreceptor-driven responses in retinas of juvenile Opn4 −/− mice (Fig. 3D , top trace). These Dark and light bars show data from dark and light-stimulation, respectively. Statistical differences (t test) between lightdark latencies were significant: P < 0.0001 at P6; P < 0.003 at P7; P < 0.0001 at P8 and P < 0.005 at P9. The statistical differences in original position duration in the same animals were also significant at all ages: P < 0.0002 (P6; n = 6), P < 0.001 (P7; n = 9), P < 0.0001 (P8; n = 15), and P < 0.0001 (P9; n = 5). ***P < 0.001; **P < 0.01. Error bars represent SEM.
responses were eliminated in the synaptic blocker mixture, verifying that these were visual responses from rod and/or cones and not an intrinsic response of RGCs (Fig. 3D , middle trace). Increased spiking in high potassium verified that RGC spiking was conserved in the blocker mixture (Fig. 3D , bottom trace). These results substantiate that rod and cone signaling to second-and third-order retinal neurons, including ipRGCs, does not begin until at least P10 (14) (15) (16) , and that rod and cone signaling is preserved in adult Opn4 −/− mice.
To determine experimentally whether melanopsin ipRGCs mediate negative phototaxis, we tested visual behavior in melanopsin null mice (Opn4 −/− ) (31) . Unlike in WT pups, no statistically significant dark/light differences were observed in turning behavior of Opn4 −/− pups. We found no difference in the latency to the first turn between Opn4 −/− mice in darkness compared with in light (Fig. 4A) . The Opn4 −/− pups spent most of the 5-min test period faced in their original orientation whether in darkness or while being illuminated. These findings are consistent with the hypothesis that negative phototaxis in neonatal mice requires melanopsin. A mouse's ability to learn and perform visual tests or motor tasks can depend significantly on its strain (32, 33) . To rule out the possibility that the absence of negative phototaxis could be reflecting a strain difference between the WT (C57BL/6J) mice and the Opn4 −/− (mixed 129SvJxC57Bl/6J background) mice, we tested phototactic behavior in littermates bred from Opn4 +/− mice. For these comparisons we measured the movement of the pups that occurred before complete turn-around (Movie S1). This alternative measure allowed us to determine behavioral responses over shorter testing epochs. For quantification, we measured and compared the total distance traversed by the calculated center-ofmass (centroid) of a high-contrast 2D image of the mouse pup during a 1-min period of darkness followed by a 1-min period in light (34) (SI Text and Movie S2). Figure 5 shows the average total centroid movement in Opn4 +/+ , Opn4
, and Opn4
mice. During the first minute of light stimulation, Opn4 +/+ pups moved >3-fold farther than they did in the preceding minute of darkness.
Opn4
+/− pups moved >2.5-fold farther in light. Light stimulation had no effect on Opn4 −/− mice. In both light and dark the total distance of movement of the Opn4 −/− mice was comparable to Opn4 +/− and Opn4 +/+ mice in darkness. Thus, strain differences cannot account for the lack of photic behavior in the Opn4 −/− mice compared with WT.
Discussion
In summary, we demonstrate here that neonatal mice between P6 and P9 are negatively phototactic. Several findings provide strong evidence that this phototactic behavior is mediated by melanopsin ipRGCs: (i) light activates ipRGCs at birth (10); (ii) visual signaling from rods and cones to RGCs does not begin until P10; (iii) light generates ipRGC responses in the retinas of mice younger than P9 (35) (Fig. 3) ; and (iv) negative phototaxis is absent in melanopsin null mice (Fig. 4 ). These findings demonstrate a previously unrecognized function of ipRGCs and suggest that light activation of ipRGCs could regulate other physiological functions in neonates and preterm infants.
Our conclusion about melanopsin being the light detector rests substantially on the absence of negative phototaxis in the Opn4 −/− mice. Alternative explanations for the lack of negative phototaxis in these melanopsin null mice include the possibility that either the retinas in these animals have lost their ability to provide visual signaling via ganglion cells, or that these mice have locomotor deficits. Several findings do not support these interpretations. First, histological examination of the retinas of our Opn4 −/− mice showed no deterioration of the inner retina (Fig. S3) . Second, we observed pupillary responses and light-driven RGCs spikes, presumably originating in rods and cones, in adult and P16 Opn4 −/− mice ( Fig. 3  and Fig. S2 ). Third, there was no difference in the latencies to the first turn in darkness for Opn4 −/− and WT mice (Fig. 4) . Finally, photo entrainment and negative masking by light, as assessed by locomotor activity, is evident in older Opn4 −/− mice (3). Could we observe negative phototaxis at ages before P6 or after P9? We found the lack of coordinated head and forepaw movements prevented us from reliably observing negative phototaxis before P6 (36) . Certainly at ages older than P9, mice have a preference to be located in darker environments. However, quantifying phototaxis in our turning assay proved problematical with older mice. After P9, pups are much less passive in the chamber and spent much more time exploring in the dark or light.
The specific neural pathways mediating negative phototaxis, a complex and coordinated sensory motor behavior, remain to be identified. Three findings suggest signaling via the tectospinal tract: (i) Retrograde WGA-HRP injections demonstrate innervation of spinal cord by superior colliculus (SC) neurons as early as P5 in rat (37), (ii) lesions of the dorsal midbrain, involving the SC and tectum, abolished negative phototaxis in neonatal rat pups (38) ; and (iii) melanopsin ipRGCs project to the SC in adult mice (39) . Whether ipRGCs project to the SC in P6-to P9-aged mice, and whether coordination of movement from the cerebellum or cortex is involved in negative phototaxis in neonates are unknown.
Given that negative phototaxis could be classified as a sensory reflex with other reflexes such as negative geotaxis, rooting, and the righting reflex, it is quite plausible that negative phototaxis Experiments are identical to those described for Fig. 2 . All times are reported in minutes ± SEM. Latencies to first turn in dark averaged 3.56 ± 0.85, 4.83 ± 0.16, and 3.66 ± 0.49, at P7, P8, and P9, respectively. In light, latencies were 2.62 ± 0.58, 3.26 ± 0.77, and 4.15 ± 0.48 at the same ages. Durations in original orientations in the dark averaged 4.82 ± 0.16 min, 3.56 ± 0.85, and 3.97 ± 1.56, respectively at P7, P8, and P9, respectively. In light, average durations were 3.88 ± 0.58, 2.62 ± 0.16, and 4.13 ± 0.48 at the same ages. No light-dark time differences of significance were detected in the latencies to the first complete body turn or for the duration of times spent in the original orientation. P7, n = 7; P8, n = 7; P9, n = 13. Error bars represent SEM. has important survival value for young pups. Because of limited fat reserves adult mice forage during the day and the night (40) . When pups are ∼1 wk old, their mothers spend a total of 4-5 h per day away from the nest (41) , which under natural conditions would most likely be located in a darker niche. If unattended neonatal pups wandered from the nest into a lighted environment while the mother was absent from the nest, they would be driven back toward the nest by negative phototaxis. That melanopsin ipRGCs can mediate a complex visual behavior in the absence of rods and cones raises the important possibility that this system might provide a rudimentary visual sense in circumstances when the rods and cones are nonfunctional. This situation could include congenital blindness in childhood diseases such as Lebers congenital amaurosis and adult onset diseases such as retinitis pigmentosa. Even should ipRGCs not support image-forming vision, these photosensitive cells could regulate sleep/wake cycles and other well-known photo entrainable physiological processes. In support of this idea, light has been shown to control biological clock genes in premature primate infants (42) , modulate heart rates in neonatal rat pups (43) , and entrain pineal N-acetyltransferase rhythms in rat pups as young as P6 (44) . In blind adult human patients lacking functional rod and cone function, blue light, by presumably activating melanopsin cells, was able to reset patients' circadian clocks and increase alertness (7) and exacerbate the intensity of migraine headaches (6) . Thus, the melanopsin-expressing ganglion cells may serve many more nonimage-forming visual functions than appreciated at present. In particular, lighting conditions may play an under-recognized role in controlling physiological functions, sleep-wake cycles, alertness, and cognitive functions in preterm and neonatal infants.
Materials and Methods
Details of materials and methods used are presented in SI Materials and Methods. Institutional animal care and use committees at the University of California, San Francisco, and Washington University approved all animal procedures. All of the experiments met the guidelines of the National Institutes of Health, Public Health Service Policy, and the Society for Neuroscience Policy on the Use of Animals in Neuroscience Research.
Phototaxis Assay. Pup movements in a cylindrical chamber were recorded with an infrared video camera. Each pups' position was monitored for a 5-min period in darkness and during a 5-min period after a light was directed at the pup's face. Responses to light were quantified by comparing latencies to first turn from original position (in darkness) to first turn after light onset. Other measures of phototaxis were comparisons of total time spent in original position (light versus dark), and the amount of movement 1 min before light onset versus 1 min after light onset.
Light Stimuli. A bright-blue LED (Jameco 183222, 468 nm λmax, 0.2 mW/cm 2 )
provided photic stimulation.
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SI Materials and Methods
Animals. WT mice were C57BL/6J strain (The Jackson Laboratory, Bar Harbor, ME). Melanopsin null (Opn4 −/−) mice were originally created by Panda et al. (1) . The mice were considered to be P0 on their day of birth. Melanopsin null mice were genotyped by PCR analysis of tail-snip-derived DNA (2) and phenotyped by melanopsin antibody (UF006, gift from Ignacio Provencio, University of Virginia, Charlottesville, VA) staining of retina. Dams were given ad libitum access to food and water. Litters were housed on a 12:12-h light-dark schedule. Institutional animal care and use committees at the University of California at San Francisco and Washington University approved all animal procedures, and all of the experiments met the guidelines of the NIH, PHS Policy, and the Society for Neuroscience Policy on the Use of Animals in Neuroscience Research.
Phototaxis Assay. Dams and their pups were dark adapted for at least 1 h before the tests. An individual pup was removed from the cage and placed in the test chamber that was warmed from beneath by a heating pad. Transfer was done in either dim red light or in darkness using night vision goggles (B.E. Meyers). The ends of the test chamber, which was 3.8 cm in diameter and 12.5 cm long, were covered with transparent glass slides. Pups could easily turn back and forth in the test chamber. If stimulation lights were shone from both ends of the chamber simultaneously, pups would reverse direction 5-10 times during a 5-min test period. The activity of each pup was monitored with an infrared camera (Watek-902H3). Analog images were converted to digital format using a Canopus converter (ADVC-110) and then recorded onto the hard drive of a computer (Apple) using BTV Pro (version 5.4.1) for later analysis. For most experiments, each pup's behavior was analyzed for 5 min in complete darkness and for 5 min in the presence of a bright light directed into one end of the cylindrical chamber. For littermate control experiments (Fig. 5) , 2-min periods of movement in light and in darkness were recorded. In all experiments, the light was directed into the pup's face at the light onset. The sequence of darkness followed by light was reversed in some experiments with no apparent effect on phototaxis. Immediately after the testing period the pup was returned to the cage with its mother. Each pup was tested only once per day except when circadian variations were examined. All tests were carried out on freely moving, unanesthetized pups from postnatal ages P6 to P9. The cylindrical chamber was wiped down with an alcohol pad between tests. Neonatal rat pups tested in the chamber exhibited negative phototaxis very comparable to mice. Phototaxis assays were performed between 12 noon and 7 PM, during subjective daytime for the pups. To assess whether negative phototaxic behavior depended on whether pups were tested during the day or night we compared the latency to first turn on pups tested during the day (12 noon to 2 PM) and night (11 PM to 1 AM) over 2 d. Figure S4 , plotting the average latencies to first turn, shows comparable values for daytested versus night-tested WT pups. These results accord with findings from a recent study showing that ipRGC light sensitivity was minimally changed across a day/night cycle (3).
Light Stimuli. A bright blue LED (Jameco 183222, 468 nm λmax, 0.2 mW/cm 2 ) provided photic stimulation. The LED was positioned 4.5 cm from the end of the cylindrical chamber. Unattenuated light produced 4.7 × 10 14 photons/s/cm 2 on the closed eyelids of the pups. Assuming that blue light was attenuated 2 log units by the eyelids (4), this unattenuated light produced 4.7 × 10 12 photons/s/cm 2 at the cornea.
Analysis of Movies. Digital movies of phototaxis behavior were viewed offline using Quicktime (Apple). Most experiments were manually scored by at least two observers. Individual movies were scrambled so the observers were blind as to the mouse strain and, a majority of the time, as to whether the movie was taken from a dark or light epoch. Over each 5-min epoch we measured the cumulative time each pup faced in its original placed position. This measured time included the period before pups turned around and any time when the pup turned back around. We also measured the latency before a pup turned 180°from its original position. For littermate control experiments, the total distance traversed by each pup during the last 1 min of darkness and the first min of light was measured using a custom centroid tracking routine implemented in Matlab (Mathworks).
Statistical Analysis. Dark/light differences in each age group were tested for significance using unpaired t tests (Prism4, GraphPad Software). Comparable significance levels were achieved when median rather than mean values were used. Because some of the same mice were tested on different days we used the Wilcoxon signed-rank test for cluster-correlated data (5) to investigate whether a lack of independence of observations in the different age groups might have skewed our conclusions. For this purpose we derived the Larocque statistic, W n . Using our original data, we calculated W n (data) for each of 1,000 randomly assigned clusterings of mice. The median (W Ã n ) of the 1,000 computed values of W n (data) was 2.85 for dark/light latency differences and 3.34 for dark/light duration differences. To compute the range of W n that would be expected if there were truly no differences between the light and dark settings, we randomly shuffled the sign of the lightdark differences (i.e., randomly permuted the light-dark labels for the observations for each mouse at each age point) for each of the above randomly assigned clusters. The median value of W n (data) was computed for 1,000 permutations of the sign differences for each cluster. In none of the simulations of clustered groups did W Ã n (random) exceed 2.85 for latency differences or 3.34 for duration differences. On this basis we estimate the light-dark differences were significant (P < 0.001). Similar nested simulations were run on the data from the Opn4 −/− mice. For the latency data, W Ã n (random) exceeded the magnitude of W n (data) in 637 of the 1,000 simulations. For the duration data, W Ã n (random) exceeded the magnitude of W n (data) in 240 of the 1,000 simulations. On this basis there is no reason to reject the null hypotheses that the means of the latencies and durations for the Opn4 −/− mice in light were indistinguishable from those measured in the dark.
Multielectrode Array Extracellular Recording from Retina. Multielectrode array (MEA-60, MCS) recordings of light-evoked ganglion cell spiking were acquired and analyzed as described previously (6, 7) . Briefly, the MEA chambers consisted of an array of 60 planar electrodes, each 10 μm in diameter, in eight rows and spaced 100 μm apart for a total array size of 700 μm 2 . Acquired voltage signals were bandpass filtered at 0.1 Hz to 3 kHz and sampled at 20 kHz (MC_Rack, version 2.0; MultiChannel Systems). Offline, action potential waveforms from high-pass-filtered data (100 Hz lower cutoff) were detected by threshold crossing and then clustered based on the first two principal components, as described previously (7) . Cluster contours in principal components space were either manually selected or derived from a kmeans algorithm (OfflineSorter, version 1.3; Plexon). The algorithm eliminated outlier waveforms at a threshold of 1.3 times the mean distance from the calculated cluster center. Obvious auto-matic sorting errors were corrected for each cluster manually. Time stamps for each action potential of each sorted RGC were used to generate peristimulus time histograms and peristimulus spike rasters. Light stimuli were presented from a monitor (Dell Ultrascan P780; 100 Hz vertical refresh) imaged onto the retinal surface at an approximate intensity of 0.35 W/cm 2 . Fig. S1 . Example of a pup's movement within the test chamber. The pup was placed into the chamber and left for 5 min in complete darkness. The LED was turned on at 5 min. The angle of the head was measured using the skewness tool in ImageJ (NIH). Head angle every 10 s is plotted as the absolute angular deviation from 0°or 180°once the pup turned around. 0°is taken as the original orientation. Inset plots the total time the pup faced in its original position in darkness (black bar) and toward the light once the LED was turned on (white bar).
Fig. S2. Pupillary responses are intact in Opn4
−/− mice. Pupil responses were measured using the procedure described previously (1) . Briefly the consensual light response in one eye was recorded before and after stimulation of the opposite eye with 480 nm light from an LED. Infrared images of the eye were captured at 15 frames/s. Pupil diameter was measured in every fifth frame using ImageJ (NIH). Results from three older, genotypically verified Opn4 −/− mice (P370, P297, and P521) are plotted (mean ± SEM). These data confirm earlier studies demonstrating light-induced pupil constrictions in Opn4 −/− mice and indicate visual signaling originating in rods and cones. Figure S3 compare retinas from P90 aged mice. Mice were killed with carbon dioxide inhalation and immediately perfused intracardially with a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde. The eyes were removed, bisected along the vertical meridian, postfixed in osmium tetroxide, and embedded in an Epon-Araldite mixture. Sections of the entire retina were cut at 1 μm thickness and stained with toluidine blue, as described elsewhere (1) . No discernible difference was noted in overall morphology of WT and age-matched Opn4 −/− retinas. Fig. S4 . Comparison of phototactic responses at night and during day. Negative phototaxis was sequentially measured during subjective day and night for two days. Twelve pups from two different litters of WT mice were tested four times over a 48-h period. Testing began on P7.5 during subjective daytime. Average latencies to first turn after light onset are plotted. Analysis of means (one-way ANOVA, Bonferroni multiple comparison test) failed to show any significant difference the mean latencies at the different testing times.
Movie S1. Infrared movie image of P8-aged pup in test chamber. Pup was in darkness for first 15 s of recording. Stimulus light was turned on at 0 s. Pup initially starting waving head back and forth (termed "pivoting") and then attempted to turn head and body away from light.
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